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Phomopsis cane and leaf spot is common in eastern North
American vineyards (24, 32) , which primarily produce juice and preserve grape cultivars (e.g., 'Concord'). Leaves develop tiny, necrotic spots with rounded margins, surrounded by a chlorotic halo. Infections of green stems and the rachis result in dark brown and necrotic lesions. The causal fungus Phomopsis viticola (Sacc.) Sacc. (family Diaporthaceae, order Diaporthales) overwinters as mycelium or pycnidia (perithecia have not been observed; 38) on dormant canes colonized as green shoots during the preceding growing season (47) . Conidia are dispersed with rain. Under optimal temperature and wetness conditions, which are common at the start of the growing season, conidia germinate and penetrate the rapidly growing shoots (9) . Heavily spotted leaves and rachises often abscise or break. Fruit is susceptible at all stages of development, and fruit rot can diminish yields significantly (8, 27) . Infected shoots that are retained as spurs or canes during dormant-season pruning give rise to weak shoots the following growing season (47) .
In California and other grape-growing regions with Mediterranean climates, the growing season tends to be much drier than in eastern North American vineyards and, thus, is rarely conducive to infection of green tissues. In these regions, P. viticola is better known as a wood-canker pathogen (42, 43) . A wood canker is revealed by cutting a cross-section through an infected cordon or cane, and it appears as dark, necrotic wood. It is often accompanied by the presence of shoot dieback or dead spurs on the cordons. Presumably, wood infections are initiated primarily by germinated conidia on pruning wounds, and the ability of P. viticola mycelium to colonize woody tissue has been demonstrated on excised segments of woody shoots in the laboratory (40) . Nonetheless, the initiation of wood infections by P. viticola in relation to the infection of green tissues is not clearly understood. For many years, when encountered in eastern North American vineyards, the wood canker symptom was thought to be due instead to Eutypa lata (20) . Indeed, P. viticola is considered by some authors to be a facultative wound pathogen, able to colonize wood either directly through artificial or natural wounds in woody tissues (e.g., pruning wounds or crevices in the periderm) or following colonization of wounds in green tissues (e.g., natural tears in rapidly expanding shoots) and subsequent systemic growth of mycelia to adjacent woody tissues (2, 13, 47) .
Our objective was to determine whether the Diaporthe spp. causing wood cankers is P. viticola, the species which has been shown to cause the foliar symptoms of Phomopsis cane and leaf spot in the continental climate of eastern North America (32) . Of 75 isolates recovered from leaf spots in a previous survey of the northeastern United States and southeastern Canada, only 1 isolate was identified not as P. viticola but, instead, as an unidentified Diaporthe sp. that was not pathogenic on green tissues in greenhouse inoculations (32) . Of the 15 Diaporthe spp. isolated to date from wood cankers of grape, as identified primarily in parts of Europe, Australia, and South Africa, only P. amygdali, a pathogen of peach, has been shown to colonize shoots as aggressively as P. viticola (43) . This latter finding came from a survey of wood cankers in vineyards in Mediterranean grape-growing climates of the southern hemisphere, and inoculations were conducted on green stems; therefore, it is difficult to make assumptions about wood-canker-causing Diaporthe spp. in eastern North America. Accordingly, we recovered and identified Diaporthe spp. from wood cankers in vineyards with a history of the typical foliar symptoms of Phomopsis cane and leaf spot. Also, we tested their pathogenicity in the greenhouse and the field on woody tissues, because past studies have evaluated the pathogenicity of Diaporthe spp. primarily on green tissues (21, 25, 43) .
Phomopsis spp. are well known as the asexual state of Diaporthe and is the state most commonly encountered by plant pathologists. Given the upcoming nomenclatural transition to one genus name for both sexual and asexual states of fungi (48), we use "Diaporthe" throughout this article when referring to groups of isolates. "Diaporthe" or "Phomopsis" are used for known species placed in these genera by their currently accepted names. Unknown species will be referred to as "Diaporthe", which has nomenclatural priority by date over "Phomopsis".
Materials and Methods
Isolate collection. In total, 23 field sites were scattered across an area of approximately 13,000 km 2 . The U.S. state east of the Rocky Mountains with the highest grape acreage is New York (1); therefore, 5 of 23 sites were located in New York (Table 1) . For areas with a similarly cold climate, sites were chosen in the nearby New England states of Connecticut, Massachusetts, New Hampshire, Rhode Island, and Vermont, and in the Canadian province of Quebec. Sites were also chosen in the Atlantic seaboard states of New Jersey and Virginia, in part because of their relatively warmer climate. Vineyards satisfied the following criteria: age >10 years, a history of foliar symptoms of Phomopsis cane and leaf spot, and the presence of shoot dieback or dead spurs on canes and cordons, which indicate the presence of a wood canker in some section of the permanent, woody structure of the vine (spur, cane, cordon, or trunk). From June to September in 2008 and 2009, one wood canker per vine was gathered from each of 3 to 10 vines per site (190 samples total).
Isolations were attempted from each wood canker. Four pieces of wood (approximately 2 by 5 mm) were cut from the margin with a sterile scalpel, surface sterilized in 0.6% sodium hypochlorite (pH 7.2) for 1 min, rinsed twice in sterile distilled water for 1 min, and plated on potato dextrose agar (PDA) (Difco Laboratories) amended with tetracycline (1 mg/liter). Isolation plates were incubated at 25°C in darkness for 14 days, and then subcultured to w Species identities are based primarily on phylogenetic analysis of the internal transcribed spacer region (ITS) and, to a lesser extent, analyses of elongation factor subunit 1-α (EF1α) and actin, conidial dimensions, and colony growth. Isolates are a subset of 65 isolates, and were chosen as representatives for species-level identification. x Isolate formed α conidia in culture; species identity is based in part on conidial dimensions. y Vineyards were for research and breeding programs; grapevines were not commercial cultivars. z Positive control; Phomopsis viticola isolate was recovered from leaf spots, as part of a previous study.
PDA for colonies that were characteristic of Diaporthe spp. (colony white and cottony, with an irregular margin and concentric rings; spherical, black pycnidia scattered across colony and exuding cream-colored droplets of conidia (39) . After 14 days, 65 Diaporthe isolates were purified by transferring hyphal tips to fresh plates of PDA, which were later arranged in 29 groups according to differences in colony morphology (growth rate, color, and frequency of pycnidia). From each of the 29 groups, one representative isolate was examined for species-level identification (Table 1). In preparation for DNA sequencing, genomic DNA was extracted from fresh mycelium after 7 days of incubation in potato dextrose broth at 25°C and 150 rpm (18 (14) . Also included were DNA sequences of 76 additional isolates of known Diaporthe spp. originating from diverse hosts, from our laboratory culture collections. To determine whether the 29 Diaporthe isolates recovered from wood cankers were genetically similar to those previously identified from grape-namely, in the studies by Schilder et al. (32) and van Niekerk et al. (43) -BLASTn searches of GenBank were conducted, particularly of accessions originating from these two previous studies.
For all wood-canker isolates and type specimens isolates, we sequenced three nuclear loci (polymerase chain reaction [PCR] primers follow in brackets): a 476-bp section of the ribosomal DNA internal transcribed spacer region (ITS) (ITS1 and ITS4 [46] ), a 429-bp section of the translational elongation factor subunit 1-α gene (EF1α) (EF1-728F and EF1-986R [6] ), and a 258-bp section of the actin gene (ACT547F [5′-TCGAGCTGTTTTYCGTAA GTC-3′] and ACT768R [5′-CCCATRCCAATCATGATACTG-3′]). The new actin primers were redesigned from the product of published primers ACT512F and ACT783R (6), the latter of which amplified two products (the same priming sites but very different internal sequences) for some isolates. PCR was performed with cycling parameters of 95°C for 2 min; 35 cycles at 95°C for 1 min, 55°C for 1 min, and 72°C for 1.5 min; and 1 cycle at 72°C for 10 min. The presence and size of amplicons was confirmed by gel electrophoresis (1% agarose, 120 V, 25 min), PCR products were purified (Exonuclease I, recombinant Shrimp Alkaline Phosphatase; Affymetrix), and PCR products were sequenced on an ABI 3730 Capillary Electrophoresis Genetic Analyzer (College of Biological Sciences Sequencing Facility, University of California, Davis). Sequences were manually edited in Sequencher 4.8 (Gene Codes Corporation) and manually aligned in Sequence Alignment Editor Se-Al 2.0 (28).
Parsimony analysis was conducted in PAUP* v. 4.0b10 (34) using a heuristic search with 10 random-addition replicates and gaps treated as a fifth state, and bootstrap values were estimated from 1,000 replicates using the Branch-and-bound procedure. Bayesian analysis was conducted in MrBayes v. 3.2.1 (30) (12,400,000 generations for ITS, 6,000,000 generations for EF1α, 8,000,000 generations for actin, and 22,800,000 generations for the combined data set of all three loci), with a sampling frequency of one tree every 100 generations, 15 heated and 1 cold chain, seven swaps at every swapping point, and temperature λ of 0.1, where chain i is heated by raising its posterior probability to the power 1/(1 + iλ). All trees were unrooted. Publication-ready figures of tree files generated by PAUP* and MrBayes were created in FigTree v. 1.3.1 (29) . Partition homogeneity tests conducted in PAUP* revealed significant incongruence between the three loci in all pairwise comparisons and, therefore, separate analyses were initially carried out on each locus. Nonetheless, a fourth set of parsimony and Bayesian analyses was carried out for a combined data set of all three loci, primarily for comparison with the results of the individual-locus analyses. For Bayesian analysis of the combined set, the data were partitioned into the three loci, parameters were unlinked across partitions, and partitions were allowed to evolve at different rates.
Morphology and growth studies. Incubation conditions that brought about pycnidium formation among the highest proportion of isolates were incubation on PDA with an overlay of an autoclaved grape leaf at 25°C in continuous fluorescent light for 14 days (10, 26, 32) . All isolates that developed pycnidia in culture produced α conidia that were characteristic of Phomopsis spp.: hyaline, fusiform, bi-or multi-guttulate, and aseptate (21, 39) . β Conidia were also characteristic of Phomopsis spp.: hyaline, filiform, straight or curved, eguttulate, and aseptate (39) . Not all isolates produced α conidia and a smaller subset of these sporulating isolates also produced β conidia. For isolates that produced α conidia under the incubation conditions described above, α conidia were gathered from two replicate PDA plates per isolate and mounted in water, and 30 conidia per plate were measured at ×1,000 magnification. In addition, colony diameter was compared among three replicate plates per isolate, using the method of Farr et al. (11) , which consisted of incubation on PDA at 25°C in darkness for 8 days. Analyses of variance (ANOVAs) were used to determine whether there were significant differences in conidial dimensions or colony diameter among isolates. Prior to ANOVA, homogeneity of variance was evaluated using Levene's test (5) . To satisfy the assumption of homogeneity of variance, the following transformations were applied: reciprocal transformations to conidial width and reciprocal square root transformations to conidial length. ANOVA was performed using the MIXED procedure in SAS (v. 9.2; SAS Institute Inc.), and the effect of isolate was treated as a fixed effect. For significant effects (P < 0.05), means were compared by Tukey's tests. Reverse-transformed means and 95% confidence limits are presented for data that were transformed prior to ANOVA.
Pathogenicity tests. To determine the ability of each species to cause wood cankers, two isolates per species (six isolates total) were inoculated onto the woody stems of potted Vitis labruscana Bailey Concord and V. vinifera L. 'Chardonnay' in the greenhouse. The following isolates were selected primarily based on their ability to sporulate consistently in culture: D. eres isolates Pho12 and Pho17, P. fukushii isolates Pho04 and Pho08, and P. viticola isolate Pho25. P. viticola isolate PhoCT2L, which was originally collected from leaf spots in a Connecticut vineyard and is known to be pathogenic to green tissues of grapevine, was included as a positive control. Each isolate had different actin, EF1α, and ITS sequences. Starting in April 2010, plants were propagated at 2-week intervals from dormant, two-node cuttings that were callused at 30°C and 100% relative humidity for 12 to 16 days in a mixture of sterile perlite and vermiculite (1:1, vol/vol), rooted in sterile potting mix, and grown in the greenhouse for 6 months before inoculation. The experiment was performed three times, using three sets of plants propagated in three adjacent greenhouses.
In October 2010, plants were inoculated at 2-week intervals, starting with the set of plants that was propagated first in August 2010. The inoculation method was similar to that previously reported for trunk pathogens of grape (e.g., E. lata [33] and Lasio-diplodia theobromae [41] ). A power drill was used to make a hole (2 mm in width by 3 mm in depth) in the woody stem of the rooted cuttings at a point approximately 3 cm below the uppermost node. Plants were inoculated (for each experiment: two cultivars × six isolates × nine replicate plants per cultivar-isolate combination = 108 total inoculated plants) by pipetting 20 µl of a conidial suspension into the drilled hole, then sealing this inoculation site with Vaseline (Unilever) and Parafilm (American National Can). Conidial suspensions were prepared by pipetting 1 ml of sterile water onto the surface of a 14-day culture directly atop the mature pycnidia, suspending the conidia with gentle pipetting, and then diluting the 1-ml suspension in 9 ml of sterile water. The conidial concentration was determined with a hemacytometer and adjusted to 10 6 conidia/ml. On the day of inoculation, serial dilutions (10 1 to 10 6 conidia/ ml) were plated on PDA and incubated at 25°C for 7 days, to confirm spore viability and inoculum concentrations among experiments. Noninoculated controls were mock inoculated (nine plants per cultivar × two cultivars = 18 total noninoculated plants) with 20 µl of sterile water. Plants were arranged in a randomized complete block design (RCBD) in each greenhouse, with three replicate plants of each cultivar-isolate treatment per each of three blocks. The north, central, and south benches of each greenhouse served as blocks in the RCBD.
Pathogenicity was evaluated at 1 year post inoculation, based on the length of wood lesions (i.e., wood cankers), which were revealed by cutting the stem longitudinally through the inoculation site. For each plant, measurements were made of the length of discolored wood radiating above and below the inoculation site (i.e., the wood lesion) and the total length of the woody stem (i.e., the original dormant cutting that the plant was propagated from; the stem that was inoculated). Recovery attempts of isolates inoculated onto the plants were made from wood at the margin of each lesion. The steps for recovery were as follows: green shoots and roots were cut away from the woody stem and discarded, all bark was scraped off the woody stem, the stem was surface sterilized in 1% sodium hypochlorite for 2 min, and stem length was measured. Subsequently, the stem was cut in half longitudinally through the inoculation site, a caliper was used to measure the lesion length, and four pieces of wood (each approximately 2 by 5 mm) were cut with a flame-sterilized scalpel from the distant margins of the lesion. Finally, the wood pieces were surface sterilized in 0.6% sodium hypochlorite (pH 7.2) for 1 min, rinsed twice in sterile distilled water for 1 min, and plated on PDA amended with tetracycline (1 mg/liter).
Because stem length can potentially influence lesion length, and because the mean lengths of the two-node cuttings from which plants were propagated were longer for Concord (245.3 ± 52.2 mm, n = 189 plants) than for Chardonnay (188.6 ± 34.3 mm, n = 189 plants), there were two different measures of lesion length: total lesion length (millimeters) and lesion length expressed as a percentage of stem length. ANOVAs were used to determine whether there were significant differences in lesion length among the three experiments, between cultivars (Chardonnay and Concord), among isolates (noninoculated control, Pho04, Pho08, Pho12, Pho17, Pho25, and PhoCT2L), or based on the interactions of these main effects. Prior to ANOVA, homogeneity of variance across treatments was evaluated using Levene's test (5) . To satisfy the assumption of homogeneity of variance, the following transformations were applied: a log 10 transformation to lesion length (percentage of stem length) and a reciprocal square root transformation to total lesion length. ANOVAs were performed using the MIXED procedure in SAS v. 9.2, with all factors except block treated as fixed effects. To accommodate the fact that the mean stem lengths of the two cultivars varied by 23%, and that this difference might also affect lesion length, the GROUP = cultivar option was used in a REPEATED statement to account for possible heterogeneous variances in ANOVA of total lesion length. For significant effects (F values with P < 0.05), means were compared by Tukey's tests.
To determine the ability of each species to infect pruning wounds, which are the typical infection courts of trunk pathogens 
Spurs were collected from the pruning wounds in October following inoculation (6 months post inoculation). Recovery attempts were then made from the resulting wood cankers, as described above for recovery from wood cankers. Past studies involving inoculations of trunk pathogens to pruning wounds show that the extent of colonization is relatively limited and typically restricted to the adjacent node (e.g., 2 to 4 cm for E. lata; 45). In addition, the length of the inoculated tissues is limited (10 to 15 cm), especially in spur-pruned cultivars such as Chardonnay. Furthermore, noninoculated controls also develop lesions due to the wounding and; therefore, lesion length is not always an informative measure of virulence. As such, we used percent recovery after inoculation as a measure of an isolate's ability to infect through a pruning wound. The percent recovery of each isolate was calculated as the percentage of pruning wounds from which an isolate was recovered out of the total number of inoculated pruning wounds per plant, and this was averaged across the four replicate plants per isolate (four plants × five pruning wounds per plant). The effects of isolate, year, and their interaction were tested separately for each cultivar, using an ANOVA performed with the GLIMMIX procedure in SAS v. 9.2, which utilizes the logit link function to accommodate binomial data (17) . The SLICE option was used within the LSMEANS statement to compare percent recovery between years. Culture and conidial morphology were used to confirm that the isolates inoculated onto the pruning wounds in April were the same as those recovered from the resulting wood lesions the following October. From a subset of the noninoculated controls from which Diaporthe spp. were recovered, we sequenced ITS, using the methods described above for phylogenetic analyses.
Results
Isolate collection. From a total of 190 wood cankers, we recovered 65 Diaporthe isolates. Wood cankers were found at each of the 23 field sites and in every vine that was sampled. A Diaporthe isolate was recovered from at least one vine per field site. Wood cankers from which a Diaporthe isolate was not recovered were colonized by other Ascomycete genera (Botryosphaeria, Cadophora, Diatrypella, Diplodia, Eutypa, Eutypella, Lasiodiplodia, Neofusicoccum, Phaeoacremonium, and Phaeomoniella). Thirteen cultivars of grape were sampled among the field sites. Seven of these were hybrids of V. vinifera × North American Vitis spp., which are unique to this grape-growing region of eastern North America. After grouping the 65 Diaporthe isolates according to differences in the colony morphology, a subset of 29 representative isolates was selected for species-level identification (Table 1) .
Phylogenetic analyses. Bayesian and parsimony analyses produced similar topologies, in analyses of each locus alone (ITS, EF1α, or actin) or combined, for sequences of our 29 isolates, 20 type specimens, and 82 other known specimens (131 total taxa).
The combined data set (Fig. 1) and ITS alone (Supplementary Figure 1) were most informative; unknown isolates grouped with type specimens into distinct, well-supported clades. Parsimony analysis of the combined data set yielded 31,200 equally parsimonious trees (380 parsimony-informative characters out of a total of 1,128 aligned characters; Fig. 1) .
Of the 29 unknown isolates, 9 clustered with the type specimen of P. viticola (CBS 114016) and with the two P. viticola isolates Fig. 1 . One of 31,200 equally parsimonious trees (consistency index = 0.72, retention index = 0.92, rescaled consistency index = 0.6, and length = 492) created by a heuristic search with 10 random-addition replicates of internal transcribed spacer region, elongation factor subunit 1-α, and actin sequences. Branch labels represent bootstrap support values (≥80) over Bayesian posterior probability values (≥0.80). Diaporthe isolates that we recovered from eastern North American vineyards have labels including 'Pho', whereas all other isolates were type specimens obtained by our lab from publicly available culture collections.
that we previously recovered from leaves with foliar symptoms (PhoCT1L and PhoCT2L), in phylogenetic analyses of the combined data set (Fig. 1) and ITS. The remaining 19 isolates clustered with known isolates of either D. eres (e.g., ATCC 56789) or P. fukushii (e.g., MAFF 625029). Based on BLASTn searches of GenBank, all eight isolates that clustered with D. eres shared high ITS sequence identity (e.g., ranging from 98% identity with 0% gaps for Pho12 to 100% identity with 0% gaps for Pho21) to an unnamed Diaporthe sp. from grape in South Africa, Phomopsis sp. 6 (isolate STE-U 5466, accession AY485734; 43). All 11 isolates that clustered with P. fukushii shared high ITS sequence identity (e.g., ranging from 97% identity with 1% gaps for Pho05 to 98% identity with 0% gaps for Pho01) to another unnamed species from grape in South Africa, Phomopsis sp. 4 (isolate STE-U 5464, accession AY485726; 43), and an unnamed Diaporthe isolate from grape in the Midwestern United States (isolate OH48, accession AY745087; 32).
Compared with ITS, EF1α and actin were more variable across all taxa, in terms of the relative proportion of variable characters, but were less variable among taxa within certain clades (data not shown). ITS had 89 parsimony-informative characters out of a total of 476 aligned characters, EF1α had 215 parsimony-informative characters out of a total of 429 aligned characters, and actin had 93 parsimony-informative characters out of a total of 258 aligned characters. Parsimony analysis yielded 24,300, 8,692, and 24 equally parsimonious trees for ITS, EF1α, and actin, respectively (data not shown). The nine isolates that clustered with type specimens of P. viticola in analysis of ITS also clustered with P. viticola in analyses of EF1α and actin (data not shown). In contrast, the P. fukushii and D. eres clades, which were represented as two separate, well-supported clades based on analysis of the combined data set ( Fig. 1) and ITS, were poorly supported in analyses of EF1α and actin (data not shown). In fact, D. eres Pho15 had an actin sequence identical to three P. fukushii isolates (Pho02, Pho09, and Pho23).
A single isolate, Pho32, did not share high sequence similarity with any known specimens. Based on the results of BLASTn searches, Pho32 shared the highest ITS (95% identity with 0% gaps) and EF1α (76% identity with 9% gaps) sequence similarities with P. cuppatea E. Jansen, Lampr. & Crous (isolate R433R; accessions AY339322 and AY339354, respectively), a species identified from Aspalathus linearis in South Africa (44 21) , and Pho24 had conidia with the same dimensions as those of the positive controls (PhoCT1L and PhoCT2L). The conidia of the remaining 12 isolates, which were identified as P. fukushii and D. eres in phylogenetic analyses (Fig.  1) , were all shorter than those of P. viticola (Fig. 2) . There was significant overlap in conidial dimensions between some isolates of P. fukushii and D. eres, which had ranges of 6.5 to 7.5 × 2.0 to 2.5 µm and 6.9 to 7.7 × 2.0 to 2.4 µm, respectively. Nonetheless, these dimensions are within the ranges of the species descriptions of P. fukushii (6.1 to 6.9 × 2.1 to 2.7 µm; 14) and P. oblonga, the accepted anamorph of D. eres (6 to 7 × 3 µm; 36).
Colony diameter after 8 days varied significantly (P < 0.0001) among the 16 sporulating isolates. However, significant overlap between species confounded their delineation. D. eres tended to be of greater diameter (56 to 79 mm) than P. viticola (24 to 52 mm). P. fukushii had the largest range (33 to 85 mm), which overlapped with those of D. eres and P. viticola. Because the colony diameters and conidial dimensions were useful for delineating only certain species, coupled with the fact that EF1α and actin did not resolve even the known isolates of P. fukushii and D. eres, the identities of the non-P. viticola isolates are based primarily on phylogenetic analysis of ITS and the combined data set.
Pathogenicity tests. All isolates of P. viticola, P. fukushii, and D. eres that were inoculated onto potted plants in the greenhouse were pathogenic, based on the fact that the lesions in the woody stems were significantly longer than those of noninoculated plants (Table 3; Fig 3) . The wood immediately surrounding the inoculation sites of noninoculated plants was discolored but the discoloration was restricted (3.5 mm; n = 54 plants, averaged across cultivars) and Diaporthe spp. were not recovered from it. From lesions of all inoculated plants, we recovered colonies that matched the culture morphology and conidial dimensions of isolates inoculated onto the plants (data not shown). There were no apparent foliar symptoms that are typically associated with a wood canker in the field, such as stunting or dieback of the green shoots.
ANOVAs of lesion length expressed as either total lesion length or percentage of stem length gave similar results (Table 3) . In all three experiments, the lesions were larger in Chardonnay versus Concord but the magnitude of this difference was lower in experiment 1 (4.9 versus 3.3% of stem length, n = 63 plants per cultivar, averaged across isolates) than in experiment 2 (5.2 versus 3.0% of stem length, n = 63 plants per cultivar, averaged across isolates) and experiment 3 (7.0 versus 2.6% of stem length, n = 63 plants per cultivar, averaged across isolates); hence the significant experiment-cultivar effect on both measures of lesion length (Table 3) . For all isolates, Chardonnay developed significantly larger lesions than Concord but the magnitude of this cultivar difference was lower for P. viticola isolate PhoCT2L (mean lesion lengths of 13.4 versus 12.5 mm for Chardonnay and Concord, respectively; n = 27 plants per cultivar) than for the five other isolates (e.g., P. viticola Pho25, 17.6 versus 10.4 mm for Chardonnay and Concord, respectively; n = 27 plants per cultivar). However, regardless of the measure of lesion length and these significant interaction effects, Chardonnay developed significantly larger lesions than Concord across all three experiments and all six isolates, and it suggests that Chardonnay may be more susceptible than Concord to wood infection by the three species.
Both P. viticola isolates, PhoCT2L (positive control and leafspot isolate) and Pho25 (wood-canker isolate), caused the largest lesions (Fig. 3) , with mean lesion lengths of 13 and 14 mm (n = 54 plants, averaged across cultivars), respectively. All four P. fukushii and D. eres isolates caused lesions that were significantly smaller than those of P. viticola (Fig. 3) ; therefore, these two species also appear to be pathogenic but are less aggressive on Chardonnay and Concord. Nonetheless, even the most aggressive isolate tested, P. viticola Pho25, caused a mean lesion length of 14 mm (7.4% of stem length; n = 54 plants, averaged across cultivars), and this was measured after 1 year of incubation in the greenhouse.
Inoculations to pruning wounds of Chardonnay and Concord in the field showed that isolates of D. eres, P. fukushii, and P. viticola are capable of colonizing woody tissues under natural climatic conditions (Table 4) . For separate analyses of Chardonnay and Concord, ANOVAs showed a significant species-year interaction (P = 0.02 and 0.001, respectively). There were relatively high levels of natural infection in 2009, as indicated by 40% recovery from the noninoculated controls of both cultivars, compared with 2010 (Table 4 ). The D. eres and P. viticola isolates recovered from noninoculated controls, as confirmed by sequencing the ITS region, were presumably from natural sources. In Chardonnay, percent recovery of all three species was consistently high in both years whereas, in Concord, recovery from all treatments decreased significantly in 2010. This is in spite of the fact that the inoculum concentrations and viability were the same from site to site and year to year. Given this unexpected and inexplicable variability, this field experiment is best interpreted at the qualitative level, from which we can say that each Diaporthe sp. infected inoculated pruning wounds.
Discussion
From 23 eastern North American vineyards, P. viticola, P. fukushii, D. eres, and putative P. cuppatea were recovered from wood cankers. Because these vineyards had a history of the foliar symptoms of Phomopsis cane and leaf spot, our findings suggest that the wood-canker symptom is common but may not always be due to P. viticola, the species shown to be the causal agent of the foliar symptoms (32) . Our finding of wood-infecting isolates of P. viticola in eastern North America is supported by reports of P. viticola isolated from wood cankers in grape-growing regions with a Mediterranean climate (South Africa [43] and California [42] ), where the foliar symptoms are rare relative to wood cankers. In contrast, the foliar symptoms are often very widespread in eastern North America, where rains early in the growing season are common (22) . In eastern North America, the majority of vineyard acreage is dominated by juice and preserve grape cultivars, which are coldtolerant cultivars of the North American species V. labruscana (e.g., Concord), hybrids of V. labruscana × the European wine grape V. vinifera (e.g., 'Niagara'), and more complex hybrids of these two species with additional North American Vitis spp. (e.g., 'Cayuga White'). As such, our field sites represented a sampling from a broader diversity of Vitis germplasm, relative to past studies on Diaporthe spp. of grape (32, 43) .
The development of lesions on the woody stems of Concord and Chardonnay in the greenhouse demonstrates that P. viticola, P. fukushii, and D. eres can cause wood cankers. Furthermore, high recovery rates of all three species from vines inoculated in the field confirm their ability to colonize pruning wounds under natural conditions. This study appears to be the first to confirm wood infection by P. viticola, P. fukushii, and D. eres on the woody stem of an intact plant. Indeed, previous pathogenicity testing of Diaporthe spp. on grape focused on green shoots (21, 25, 43) , likely due to the very apparent symptoms on such tissues in the field. The greater susceptibility of green tissues to P. viticola is made more apparent by comparing the lesions we measured on woody stems after 1 year (14 mm for the most aggressive isolate) and those reported from green shoots after only 7 weeks (18 mm) (25) . Our findings of wood-infecting P. viticola isolates in vineyards with foliar symptoms, coupled with positive recovery of P. viticola from vines inoculated in the field, suggest that colonization of pruning wounds, an important infection court for other woodinfecting fungi of grape (E. lata; 16), may also be important in the epidemiology of Phomopsis cane and leaf spot. However, it is also possible that wood cankers result from systemic spread of infections initiated on green tissues, as is the case for Botryosphaeria dothidea, causal fungus of panicle and shoot blight of pistachio (19) . Thus, without knowing that it is the same P. viticola isolates causing both foliar symptoms and wood cankers, it is premature to make changes to current control practices. Nonetheless, if direct colonization of pruning wounds is important in the epidemiology of this disease, different control strategies may be needed. Currently, eastern North American growers apply calcium polysulfide in the dormant season, followed by spring applications of a protectant fungicide (e.g., mancozeb; 23). This approach may minimize wood cankers if they result from systemic spread of P. viticola from green tissues but not if pruning wounds are infected directly. In California, wood colonization by P. viticola and other wood-canker fungi is prevented by delaying pruning to when rain is less frequent and, thus, there is less inoculum (45) or by dormant-season application directly to pruning wounds of a protectant fungicide (e.g., thiophanate methyl in California; 4). Growers in eastern North America do not typically protect pruning wounds, because the very apparent risk of infection of green shoots overshadows possible infection of pruning wounds.
We rely heavily on DNA sequence data for Diaporthe spp. identification, as have others (7, 10, 35) . This is due, in part, to the rarity of perithecia in the field, the paucity of morphological characteristics to differentiate species in culture, and the fact that Diaporthe spp. are known to stop sporulating, as was the case for 50% of our isolates, after repeated subculture or long-term storage (11) . Even among our sporulating isolates, conidial dimensions overlapped between D. eres and P. fukushii; therefore, a DNA-based approach was more definitive. Alternatively, it is possible to mate isolates and induce production of perithecia, which are variable in the genus Diaporthe. However, success is dependent, in part, on having the fortune to encounter a homothallic species or happening upon different mating types of a heterothallic species (38) . In our case, which is complicated by the fact that D. eres and P. fukushii are closely related and their species concepts are poorly resolved (15) , the inclusion of reference isolates was our best attempt to compensate for the lack of taxonomic characters in the genus Diaporthe.
That said, a reliance on DNA sequence data has its drawbacks. Indeed, phylogenetic analysis of ITS grouped D. eres and P. fukushii into separate clades, whereas analyses of EF1α or actin grouped D. eres and P. fukushii into a single clade. There are conflicting results in the literature on the utility of these loci for Diaporthe spp. identification. For example, phylogenetic analysis of ITS in order to identify an unnamed Diaporthe isolate surprisingly divided its single-ascospore progeny into two distant clades but these same progeny were correctly grouped into a single clade through analysis of EF1α (31) . In contrast, van Rensberg et al. (44) found concordance between ITS and EF1α in their identification of Diaporthe spp. causing dieback of A. linearis. Thus, the utility of ITS for species-level identification, especially in large-scale, environmental-sequencing efforts that utilize a barcoding approach, is dependent on thorough morphological descriptions of reference isolates (3) .
The taxonomy of the genus Diaporthe has long been based on host associations (39) . P. viticola is known only from grape, for example (12) . Nonetheless, there are examples of Diaporthe spp. that are pathogenic on more than one species, such as P. amygdali, which was described from almond (37) but is pathogenic on grape (43) . In contrast, D. eres is reported from approximately 300 species (12) , and the results of our pathogenicity tests have extended the host range of this species to include grape. P. fukushii is reported from Asia and only from pome fruit (Pyrus and Malus spp.; 12). Our findings of P. fukushii as pathogenic on grape, coupled with morphological and ITS sequence similarity to South African isolates of unnamed species Phomopsis spp. 4 and 6 in (43), expand the host and geographic range of P. fukushii. , and recovery attempts were made in the following October (6 months post inoculation). Each value is the mean of four plants, and each plant had five inoculated pruning wounds. y Percent recovery was calculated as the proportion of pruning wounds from which an isolate was recovered out of the total number of pruning wounds inoculated per plant. For the noninoculated controls, recovery refers to fungi that naturally colonized the pruning wounds; * and ** indicate significant differences at P < 0.05 and 0.01, respectively, between years for a given isolate. Significance levels are based on the tests of effect slices for the year-isolate interaction, sliced by isolate, following analysis of variance using the GLIMMIX procedure in SAS. z Species and isolate inoculated.
vineyard owners for their cooperation; and M. Barr, D. Farr, S.-K. Hong, W. Jaklitsch, W. Kandula, A. Phillips, and M. Putnam for specimens or cultures from a variety of hosts and localities.
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